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The indentation hardness and elastic modulus of leadframe materials that consist of Cu
alloy substrate and Ni/Pd bi-layer films of differing thicknesses are characterised using the
micro-hardness and nano-indentation tests. The ‘true’ hardness of the individual substrate
and film layers is evaluated based on the empirical relationship between the measured
‘composite’ hardness and the volume of plastically deformed material of film layers. It is
found that the composite hardness determined from the nano-indentation test increases
rapidly toward a peak at extremely low indentation depth of less than about 20-30 um for
all materials studied, due mainly to the finite value of the indenter tip radius and the rough
surface of the specimen on the nano-scale. The composite hardness for the coated
specimens decreases with further increasing indentation depth toward the hardness value
of the substrate, because of the strong influence of the film/substrate interaction and the
indentation size effect. The nano-indentation test in general gives higher true hardness
values than those obtained from the micro-hardness test. Nevertheless, the relative
hardness values of the substrate and films determined from the two tests are consistent.
The hardness of Ni film is about 20 to 50% greater than that of Cu alloy, whereas the
hardness of Pd film is 7 to 11 times the Ni film in the nano-indentation test. © 2000 Kluwer
Academic Publishers

1. Introduction ite’ hardness data. The composite hardness is a com-
A surface finish that is gaining increased popularity forplex function of materials and geometric factors, such
Cu leadframe surface for integrated circuit packagingas the properties of the film and substrate, the ratio of
is the Ni/Pd system. These coatings are designed timdentation depth to the film thickneds/t;, and the
ensure good electrical conductivity, wire-bondability, indenter tip geometry [2, 3]. The interface characteris-
solderability and corrosion resistance against moisturdics and the friction between the indenter and film are
The thick Ni layer is the undercoat to which the wire also important in determining the composite hardness.
and solder ultimately bond. The thin Pd primary layerTo obtain a ‘true’ hardness value of a thin film, which
serves as the protective coating that can provide a suis independent of the substrate, it is necessary for the
face suitable for wirebonding and soldering as well agatio, h/t;, to exceed a critical value so that the subsur-
withstand the thermal stresses generating during soface deformation beneath an indenter is not influenced
der reflow and moulding compound encapsulation. Ady the proximity of interfaces or free surfaces [4]. The
such, an accurate control of the properties and thickeritical value varies between about 0.07 and 0.2 depend-
ness of the individual coatings and the bonding withing on the relative hardness values of the substrate and
substrate are essential to the performance of the leaditm, the indentation load applied and the indenter tip
frame, which in turn control the reliability of the whole geometry [5]. The hardness of a thin film determined
package system [1]. at very low loads and at indentation depths lying in the
The mechanical characteristics of coatings or thinrange of 0.1-Ium is much higher than that obtained
films, such as hardness and elastic modulus, are vefyom the bulk material. For example, for a soft film de-
difficult to measure due to the predominant effect ofposited on a hard substrate such as Ti-coated sapphire
the underlying substrate. Micro-indentations normal to[6], the hardness of the Ti film was shown to increase
the surface of thin film usually results in deformation with decreasing film thickness due to enhanced inter-
of both the film and substrate, providing only ‘compos-actions between the film and substrate for the thinner
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films. Furthermore, hardness is not a material constantf indentation size and the film/substrate adhesion, the
but varies with load: for most materials, hardness in-composite hardness was written [4]:
creases with decreasing load [7].

There are various methods to measure the film hard- He Vs + HVsx 2
ness based on the ‘composite’ hardness data that are He = v )
obtained from indentations on a coated substrate in a

wide range of applied loads. Many attempts have beegnere v (=Vk + V) is the total volume of material
made to apportion the contributions to the composit&,astically deformed under indentatiop.is an inter-
hardness from both the film and substrate using a varigace parameter that varies with the mismatch between
ety of empirical and semi-empirical approaches [4-6he effective plastic zone radii of film and substrate.
8] and finite element analyses [6, 9, 10]. A brief reviewThe above volume fraction model has been widely
of these studies is presented in the following section,saq to determine film hardness from the composite
However, little has been reported regarding indentatioRegponse of film and substrate, in particular using the
hardness measurements of multi-layer thin films on &3n0-indentation test [6, 13]. In an approach similar to
substrate. The purpose of the present study is thus e yolume fraction model, the weighted average of the
measure the hardness of Ni and Pd coatings of varyingsiacted areas of the film and substraeand As, on

thicknesses on a Cu leadframe substrate. Two differenfich the indentation pressure acts was also used to
indentation tests, namely the Vicker's mlcro-hardnes%xpress composite hardness [8]:

test and the nano-indentation test, are used to evaluate

the mechanical interactions between the bi-layer films He Ar 4+ HeAs
and the substrate. The results obtained from the two Hi=—-—"—
indentation techniques are compared along with dis- A
cussions of the mechanisms of hardness variation wit
indentation depth and applied load.

(4)

U/hereA(zAf + Ay) is the total projected area of the
indenter. The surface friction and the interface strength
were also incorporated in Equation 4 in a more recent
. study [14]. Based on the microscopic study of the shape
2. Analysis of cracks formed at the Vicker's indentation rim, Equa-

Due to the wide applications of indentation tests, manyjon 4 was expressed [8, 15] as a function of the ratio
theoretical treatments dealing with indentation defor-sf fjim thickness to indentation deptty h:

mations of films and substrates have been reported to
derive expressions or algorithms that relate thin film

2
hardness. In the early work [5], composite hardness, H. = Hg+ (H; — Hs) 2C<t_f> — C2<t_f> (5)
Hc, was given by: h h

He = Hs+ a(Hf — Hy) (1) whereC is a coefficient that varies with the mode of
deformation in the film and the indenter tip geometry.

where H; and Hs are the hardness of film and sub- For practical purposes, the value®fvas restricted to
strate, respectively is an empirically derived param- 0.5<C < 1.0 for the Vicker’'s pyramid indenter [15].
eter, which varies with the ratib,/t;. Equation 1 looks Meanwhile, a simple empirical model [8, 15] was also
fundamentally very similar to the expression proposedroposed based on the linear relationship that exists be-
more recently based on the finite element analysis ofween hardness and the inverse of indentation diagonal,
elastic and plastic deformation associated with indend, for indentations larger than a critical size. The hard-
tation by a conical indenter [10, 11]. The compositeness for both coated and uncoated substrétés), was
hardnessH., was expressed as a function ldf and  given by:
Hs:

k
H(d) = o+ Hs ©)
HC= Hs+(Hf— Hs)eX

(He/Hs)(h/tf) ] @)

(ot/0s)(Es/ Es)Y/? . - . .
wherek is the hardness coefficient that is essentially the
for a hard film on a soft substrateandE are the yield ~Same as the slope f(d) versus }d plot. Therefore,
strength and elastic modulus, respectively; and the suieglecting the second order terms in Equation 5 and
scripts fand s refer to film and substrate, respectively. Iféarrangement of Equation 6 gave the expression for
Equation 2, Poisson ratio was not specifically considfilm hardnessH [8]:
ered because it had a negligible effect on ‘composite’

hardness [10]. The mechanical properties of the film H, = (ke — ks) T H o
and substrate, including, os, Ef andEs, should be de- 2Ct s

termined from an independent indentation experiment

to evaluate the film hardness. whereAk = (k. — kg) is the difference between the co-

It was also suggested [12] that the composite hardefficients for coated and bare substrates. Equations 5 to
ness was determined by a weighted average of the voFF are further extended in the present study to apply for
ume of plastically deformed material in the fild;,  bi-layer films on a substrate. The volume of each film
and in the substrat&/. Taking into account the effects deformed under the indenter is assumed approximately
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proportional to the thickness of each layer. Thus, thevere determined from the equations [16]:
film hardnessH, is given:

P
t t =% ®)
H=Hal + He (8)
f f
E_YT S (10)
28 VA

wheret, andtg are the thicknesses of films A and B,
respectively. Once the hardness of the filmt, is
known from an independent experiment on specimen
containing a single layer film, the hardness of film B,
Hg, can be determined.

gvhereP is the load Athe contact areg the geometric
constant £1.034 for a triangular indenter), arfsithe
unloading stiffness.

. 4. Results and discussion
3. Experiments , ___4.1. Micro-hardness test
The leadframe materials (supplied by QPL Limited, Fig. 1 shows the variations of micro-hardness of coated
Hong Kong) consisted of Cu alloy 194 (containing gnq bare substrates as a function of applied load and
2.35% Fe, 0.03% P and 0.12% Zn) substrate and dgngentation depth. One datum point in these figures
posited Ni/Pd films. Four different combinations of represents an average of four readings on an indent.

coating/substrate were studied: bare Cu alloy substrate
(Specimen 1); 1.48m thick Ni coating on the sub-
strate (Specimen 2: 1.48Ni/Cu:); 1.78m thick Ni
underlayer plus 0.19m thick Pd primary finish on
the substrate (Specimen 3: 0.19Pd/1.75Ni/Cu);1rA7
thick Ni underlayer plus 0.3um thick Pd primary
finish on the substrate (Specimen 4: 0.31Pd/1.07Ni/
Cu). The film thickness was measured to an accu-
racy of 0.01um from the metallographically prepared
specimen cross-sections using a precision measurin
table equipped with a high magnification optical mi-
croscope. Specimens of approximately 5 mr\ mm
square cut from the leadframe were used for both the
micro-hardness and nano-indentation tests.
Micro-hardness tests were conducted on a Vickers
micro-hardness tester (MHT-4 Zeiss micro-hardness
tester). Varying indentation loads in the range of 10
and 150 gf (1 gf=9.807 x 103 N) were applied for a
constant holding time of 10 s. The indentation diago-
nal was measured using an optical microscope: a min
imum of five readings were made of the indentation
diagnoals for each set of conditions, and the average
diagonal values were used for hardness calculations
Nano-indentation tests were performed on an inden:
ter (‘Nano Indenter II' by Nano Instrument Inc.). The
indenter consists of an indenter head, an optical mi-
croscope connected to a video camera for indentatior
positioning, and a motorised three-dimensional preci-_
sion table for transporation of the specimen betweert
the microscope and the indenter. The indenter has &
vertical displacement resolution of 0.04 nm and a loady
resolution of 50 nN. The indenter head is equipped with g
a three-sided pyramidal diamond Berkovich tip having £
a tip radius less than 50 nm. The ‘continuous stiffness’
method was employed to apply continuously increasing
loads at a constant loading rate of 10 nm/s to a maxi-
mum indenter tip displacement of 2000 nm. The output
response provided a series of stiffness and contact are
data without discrete unloading cycle. The use of this
option eliminated the need for the assumption of con-
tact depth/total depth ratio to determine hardness anc.
elastic modulus as a function of indenter depth [16].
The hardnesd, and reduced elastic modulus, tak-
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Figure 1 Plots of micro-hardness data as a function of (a) applied load

ing into accountthe effect of non-rigid indenter column, and (b) indentation depth.
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The solid lines are non-linear curve fits, showing theT
general trends. The hardness values for bare coppé

ABLE | Individual hardness values of Cu alloy substrate, Ni and Pd
Ifns that are determined from micro-hardness tests

were almost constant regardless of the load applied,

although there was some data scattering between 170
and 190 kgf/mr. The data scattering was probably Specimen Composition

Hardness (GPa)

attributed to the errors arising from incorrect measure-
ments of diagonals of tiny indentations using an opticaé
microscope, especially those obtained at low loads og
indentation depths [17]. The micro-hardness data for alf

coated specimens exhibited a similar trend with respect

to indentation load or depth, with strong dependence
on the individual hardness and thickness of the films.
The hardness decreased parabolically as the indentatic
depth increased, and converged to a lower plateau valt
at high indentation depths, due to the film/substrate in-
teraction. The thicker was the hard Pd film, the steepe
was the rate of decrease. Comparison of the results b
tween Specimens 3 and 4 containing Pd and Ni films_
of different thicknesses indicated strong dependence g
composite hardness on the film thickness and that th¥
Pd film was much harder than the underlying Ni film, ~
while the Ni film was harder than the Cu alloy sub-
strate. It is not clear why there are moderate increase
in hardness for some coated specimens ataload of abo
100 df.

The composite hardness dataindeed showed approx
mately a linear relationship with the inverse of indenta-
tion diagonal, Xd, as shown in Fig. 2. The correspond-
ing hardness values (in GPa) for the substrate and th
individual films determined based on the least square
lines and Equations 6 to 8 are presented in Table |
The substrate hardness valug, were taken from the

points where the least squares lines coincided the ab-

scissa in Fig. 2. It should be highlighted th#f values
were almost identical for all materials, with the aver-
age value about 1.75 GPa and the variation less th
4%, proving in part the validity of the analysis given by
Equations 6 to 8. The hardness vallsg determined
from the specimens with different film thicknesses var-
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Figure 2 Plots of micro-hardness data as a function of inverse of inden-

tation diagonal, 1d.
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Figure 3 Nano-indentation load versus displacement records.

led in much the same range. The hardness of Ni film

was 22 to 46% greater than that of the Cu alloy, whereas

e Pd film hardness was about 5 to 7.5 folds greater
han that of the Ni film.

4.2. Nano-indentation test

Fig. 3 presents typical load-displacement records for
the four specimens with different film thicknesses that
were indented to a maximum depth of 1000 nm. The
unloading part of the curves was almost perfectly re-
versible, indicating that the measurement involved the
release of elastic strain under the indenter. It seems
clear that the specimens containing a Pd layer required
much higher loads than those without one to indent to
the same depth, giving rise to high hardness and modu-
lus values. The presence of Ni film on the Cu substrate
resulted in only a marginal increase in indentation load
compared to the bare Cu. Figs 4 and 5 illustrate vari-
ations of composite hardness and elastic modulus of
coated and uncoated specimens as a function of ap-
plied load and indentation depth, which were obtained
from the continuous stiffness test. The composite hard-
ness and elastic modulus displayed essentially a simi-
lar trend for very low indentation depths, say less than
about 30 nm: these properties increased sharply toward
a peak value for all specimens tested, including the bare
Cu. The peak value was maintained for a relatively long
range of indentation depth for specimens with a Pd film,
whilst it was only instantaneous before a steep drop
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Figure 4 Plots of hardness determined from the nano-indentation test a

a function of (a) applied load and (b) indentation depth.
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for the bare Cu specimen. It is interesting to note that
the indentation depth corresponding to peak composite
hardness coincided approximately with 10—20% of Pd
film thickness (200—-300 nm) for both Specimens 3 and
4. These indentation depths appear to roughly agree
with the one-tenth rule [5]-the critical ratio of depth
to film thickness-at which the contribution of substrate
is almost negligible for a hard film on a soft substrate
[18,19].

The sharply rising initial portion of composite hard-
ness and elastic modulus data needs special accounts.
Judging from the fact that this observation was absent
in the micro-hardness data, it appears that this obser-
vation is a reflection of the artifact arising from finite
value of the indenter tip radius and rough surface of
the specimen on the nano-scale. The indenter tip ra-
dius was known to be less than 50 nm, which is still
large enough to cause the calculated projected area or
indentation depth to be inaccurate for such shallow in-
dentations. Furthermore, the atomic force microscopic
images given in Fig. 6 clearly demonstrate that the sur-
face roughness was as large as a few hundred nano-
meters for all specimens studied. This suggests strong
possibilities of incomplete contact of the indenter tip
with the specimen surface during indentation, resulting
in erroneous calculations of hardness and elastic mod-
ulus for very shallow indentations. For the foregoing
reasons, the rising portions of the composite hardness
data were not taken into account in determining the in-
dividual hardness values of the substrate and films in
Fig. 7.

A careful examination of Fig. 4 indicates that the rate
of hardness decrease after the peak values depended
largely on the type and thickness of films. For spec-
imens with a Pd film, the hardness decreased rather
gradually, while for the bare Cu and the Ni coated
Cu, the drop after the instantaneous peak was rapid.
Therefore, the hardness for bare Cu became almost a
constant value of about 2.3 GPa when the indentation
depth reached 600 nm, while the composite hardness
values for coated specimens were still decreasing even
after 1000 nm. Further indentation beyond 1000 nm in-
dicates that the composite hardness for the Ni coated
specimen became constant at an indentation depth of
about 1500 nm. This is the depth at which the effect of
hard film became completely negligible, and the hard-
ness was wholly given by the substrate. However, the
hardness for the Pd coated specimens never reached a
plateau constant even after an indentation of 3500 nm,
suggesting the hard Pd film dictated the whole indenta-
tion behaviour in the range of indentation depths stud-
ied. Apart from the effect of the softer substrate than
the film, the size effect was in part responsible for the
decrease in hardness with increasing indentation depth.
Since the geometry of an indent is independent of its
size, the hardness should, in principle, be independent
of applied load. In practice, however, there is a sig-
nificant dependence on load or indentation depth for
crystalline materials [20], which is attributed to a few
factors. Dislocations and grain boundaries occur only
at limited local densities in very small deformed vol-
umes [21]. The other factor is that the indenter tip is not
perfectly formed to comply with geometric assumption
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Figure 6 Atomic force microscope photographs of surface morphology for (a) bare Cu alloy, (b) Ni film and (c) Pd film.

on the nano-scale. The non-zero radius of the indenteic modulus. It is noted that the elastic modulus of

tip causes the contact to become not fully plastic at lonCu alloy, 127 GPa, obtained from the present nano-

loads [22]. indentation test was quite comparable to the reported
In sharp contrast to the composite hardness data, thealue of 118 GPa in the literature [23].

elastic modulus for all specimens reached an almost The nano-indentation hardness results were analysed

constant value at an indentation of about 1000 nm, inbased on Equations 6 to 8 with appropriate modifica-

dicating less sensitive indentation size effect on elastions to properly account for the different indenter tip
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e Bt A model given by Equations 6 to 8 to the nano-indentation
test of coated materials.

2 2 Pd/Ni/Cu(0.19/1.75)

Ni/Cu(1.48) Y =12710 X + 2.32

/f = 8460 X +2.50

™ 5. Concluding remarks

The Vicker's micro-hardness and nano-indentation
tests were successfully employed to characterise the
indentation hardness and elastic modulus of coated and

Cu substrate
6.0 —

4.0 —

Hardness (GPa)

¥=3022X+1.96 uncoated leadframe materials, including bare Cu alloy,
4 AT Ni coated Cu alloy and Ni/Pd bi-layer coated Cu alloy.
ET—— The composite hardness data obtained from the two test
20 — IR Y=rossXwzor methods showed linear relationships with the inverse

of indentation diagonal, allowing determination of the
- individual hardness values of the substrate and films
based on the empirical relationship proposed previ-
0.0 : i . I T ously. Major findings are summarised in the following.

0.0000 0.0002 0.0004 0.0006

1/Diagonal (1/nm) 1. The composite hardness obtained from the micro-
ardness test decreased with increasing indentation
epth, the rate of decrease being dependent on the
type and thickness of films, due to the influence of the

) film/substrate interaction.
geometry. The diagonad, was calculated base onthe 2 The composite hardness determined from nano-

h
Figure 7 Plots of hardness determined from the nano-indentation test aa
a function of inverse of indentation diagonafdl

relationship with the indentation deptt, indentation tests increased rapidly toward a peak at ex-
tremely low indentation depth of less than about 20—
d = h(tany + tano) (11) 30 um for all materials tested. This is attributed to the

finite value of the indenter tip radius and the rough sur-
wherey and6 are the angles at the Berkovich inden- face of the specimen on the nano-scale. After the peak,
ter tip. Thusd represents the distance between a pointhe composite hardness showed a sharp decrease with
and the facing side in the projected indent area of arfurther indentation for bare Cu alloy and Ni film coated
equilateral triangular shape. The const&htin Equa-  specimens, while the decrease was rather gradual for
tion 7 was also modified accordingly for the Bercovich specimens containing a hard Pd film.
tip, which has a larger tip angle than the Vicker’s tip: 3. The nano-indentation test produced generally
0.44<C <0.85. Fig. 7 shows the least squares plots ofhigher individual hardness values for the Cu alloy, and
the composite hardness as a function/f for four dif-  Ni and Pd films than those obtained from the conven-
ferent specimens, exhibiting perfectly linear relation-tional micro-hardness test, due most likely to the in-
ships. The corresponding hardness values of the suldlentation size effect. Nevertheless, the relative hard-
strate and individual films are summarised in Table ll.ness values for all materials determined from the two
The nano-indentation test produced generally highetest methods were quite consistent in qualitative terms,
hardness values for all materials tested than those olwhich in turn demonstrates the validity of the empirical
tained from the conventional micro-hardness test, duequations employed.
to the apparent indentation size effect as explained 4. Incontrasttothe significant variation of composite
above [24]. Nevertheless, the relative hardness valugsardness data with indentation depth, the elastic modu-
between different materials obtained from the two testus reached a constant value at an indentation depth of
methods showed a very similar trend: the hardness adbout 1000 nm, indicating less sensitive size effect.
Ni film was about 20 to 50% greater than that of Cu al-
loy, while the Pd film hardness was 7 to 11 times greater
than that of Nifilm in the nano-indentation test. F”rther'Acknowledgements

it should be noted that the hardness of Pd film obtaineq-he financial supports by the Research Grant Council
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